High dietary threonine extraction by the digestive tract suggests that threonine contributes to maintain gut physiology. In the present study, we evaluated the impact of a low (6.5 g of threonine/kg diet; LT group) or a control well-balanced threonine diet (9.3 g of threonine/kg diet; C group) given to piglets for 2 weeks on ileal permeability and Na+-dependant glucose absorption capacity in Ussing chambers. The paracellular permeability was significantly increased in the ileum of LT compared to C piglets (P=.017). The Na+-dependent glucose absorption capacity showed a nonsignificant increase in the LT piglets. In addition, we analysed ileal gene expression profiles in the LT and C groups using porcine multitissue cDNA microarrays. Compared to the C piglets, the expression of 324 genes was significantly modified in the ileum of the LT piglets: 214 genes were overexpressed (145 annotated) and 110 were down-expressed (79 annotated). Among them, some are involved in immune and defense responses, energy metabolism and protein synthesis. Furthermore, microarray analysis highlights changes in the expression of the gene encoding for the sodium/glucose cotransporter (SGLT1) and of genes involved in the regulation of paracellular permeability (ZO-1, cingulin and myosin light chain kinase). In conclusion, our results indicate that a moderate threonine deficiency affects intestinal functionality.
INTRODUCTION
Slaughter procedure. After two weeks of experiment and 3 h after the last meal, piglets were killed with a lethal dose of pentobarbital immediately followed by exsanguination. The gastrointestinal tract was quickly removed. The small intestine, from the Treitz ligament to the ileo-caecal junction, was weighed empty of contents and the length was measured. It was divided in three parts of equal length, the proximal jejunum, the distal jejunum and the ileum.
In the middle of each part, 3 cm-segments were collected in phosphate-buffered formalin (10%, pH7.6) for morphometric measurements. Villous/crypt units were isolated from intestinal samples by microdissection and mounted on a glass slide in acetic acid (45%). Villous height and crypt length, width and surface were measured using image analysis (Lucia software, Laboratory Imaging, Czech Republic). Mean values of these parameters were determined on 30 villi and crypts per sample.
Measurements of ileal glucose absorption capacity and paracellular permeability in Ussing
chambers. Immediately after sampling, ileal segments were stripped of their seromuscular layers and mounted in Ussing chambers with an exposed area of 1.13 cm 2 . They were bathed on each side with a bicarbonate Ringer's solution with 16 mM glucose and 16mM mannitol on the serosal and mucosal sides, respectively and maintained at 38°C (6) . The short-circuit Maximal variation of the short-circuit current (Delta I SC ) was recorded at each concentration and V max and K m for Na + -dependent glucose absorption were then calculated.
RNA extraction. Total RNA was extracted from ileal samples using Trizol reagent (Invitrogen corporation, USA) according to manufacturer's instructions. Concentration of RNA was quantified by measuring absorbance at 260 nm (Multiskan spectrum, Thermo Labsystems, France) and RNA integrity was checked using Agilent 2100 bioanalyser (Agilent technologies, Germany).
Microarray analysis and data processing. Transcriptomic analyses were performed on the 7 pairs of piglets using nylon microarrays obtained from the Resource Center GADIE (UMR LREG, INRA, France) and encompassing 8960 clones from a multi-tissue porcine cDNA library (AGENAE, INRA, France). The 8960 clones spotted on the arrays represented 8800 genes, of which 60% are annotated. These arrays are recorded on the GEO Platform under the accession number GPL3729.
Labelling of cDNA complex probes, hybridization and washes were performed according to the procedures described by Mazurais et al. (31) . Briefly, after their extraction from ileum samples, total purified RNA was retro-transcripted in the presence of [α-33 P]dCTP for labelling. After array image acquisition (BAS 5000, Fuji), quantification of hybridization signals revealed the expression level of each 8960 clones (BZ Scan). Then, the expression level of each clone was first log-transformed to yield normal distribution and then mediancentred to minimize technical variability. We selected clones which displayed differential expression between C and LT groups using variance analysis (P ‹ 0.01, GeneANOVA, CNRS, UPRESA 8087, France) (14) . The selected clones were submitted to hierarchical clustering with the Gene Cluster software (16) .
Real-time PCR.
Reverse transcription was performed with 2 µg of total DNAse-treated RNA (High capacity cDNA archive kit; Applied Biosystems, USA). The primers were designed using Primer Express Software (Applied Biosystems, USA) based on sus scrofa published nucleotides sequences (Iccare) and are described in Differences were considered significant when p < 0.05. Trends (0.1 < p < 0.05) were presented for discussion.
Results
A moderate threonine deficiency did not affect growth rate. As expected the average feed intakes were not significantly different between pair-fed C and LT piglets (Table 3) .
Threonine intake was significantly reduced by 29% in the LT piglets compared to the C piglets (p < 0.0001). The low threonine supply affected neither final body weight, nor body weight gain.
A moderate threonine deficiency induced ileal villous hypotrophy. The weight and length of the small intestine were not altered by the low threonine supply (data not shown). In the proximal and distal jejunum, no modification of the mucosa morphology was observed (Table   4 ). In the ileum, villous height tended to be reduced in LT piglets compared to C piglets (p = 0.06). In accordance with this result, villous surface was reduced by 18% in LT piglets compared to C piglets (p < 0.01).
A moderate threonine deficiency increased glucose absorption capacity. Measurements performed in Ussing chambers showed a trend to an increased Na+-dependent glucose absorption capacity, measured as the delta I SC to graded glucose addition, in LT piglets as illustrated by a higher dose-response curve ( Figure 1 ): V max tended to increase by 81% in the ileum of LT piglets compared to C piglets (p = 0.1; Table 5 ), and K m did not change between LT and C groups. Differentially expressed genes are listed in Supplemental Tables 1 and 2 . The fold changes of down expressed genes in LT piglets ranged between 0.42 and 0.78. For over expressed genes, they ranged between 1.51 and 3.00 except for SGLT-1 which expression was 4.9-fold increased in LT group.
Differentially expressed genes were classified according to their biological process ontology determined from Uniprot/Swiss-Prot database and the QuickGO Gene Ontology browser (http://www.ebi.ac.uk/ego/). Some genes were not classified in a functional group and for some others no informative annotation was available (Supplemental Tables 1 and 2) . Feeding a low threonine diet also affected the expression of genes involved in cell turnover. The gene encoding IGF2 was overexpressed whereas several genes acting as inhibitor of cell proliferation (BTG1 protein, BTG1; Pin2-interacting protein X1, PINX1;
Forkhead box protein C1, FOXC1) were downexpressed in the ileum of LT piglets. The expression of two genes involved in the induction of apoptosis, the BH3 interacting domain death agonist (BID) and the death-associated protein kinase 1 (DAPK1), was increased.
The expression of genes coding the sodium/potassium/calcium exchanger 4 (SLC24A4), the phospholemnan (PXYD1), the amiloride-sensitive sodium channel betasubunit (SCNN1B) as well the Y+L amino acid transporter 1 (SLC7A7) and the sodium/glucose cotransporter 1 (SGLT-1) was significantly increased in the ileum of LT piglets. The increase in SGLT-1 mRNA expression was confirmed by RT-PCR (2.04-fold, P < 0.05) (Figure 4 ). This could indicate modifications in the transport of ions and nutrients.
Modifications in the expression of genes involved in the intracellular protein transport were also observed. For example, genes encoding the kinectin (KTN1), the centractin (ACTR1B), the transmembrane protein 9 precursor (TMEM9), the Golgin subfamily A member 5 (GOLGA5), the importin alpha-1 subunit (KPNA1) were overexpressed whereas genes coding the adapter-related protein complex 3 delta 1 subunit (AP3D1), the charged multivesicular body protein 1a (PCOLN3), the vacuolar protein sorting-associated protein Glucose is a major source of energy for body tissues and notably for the small intestine (15).
So we hypothesized that an increase in glucose absorption capacity reflects an increase energy demand in the small intestine, or peripheral tissues, or both in LT piglets. Supporting our hypothesis two genes involved in energy generation were also differentially expressed: the gene coding the ATP synthase O subunit, a component of the mitochondrial protontranslocating ATP synthase complex and the gene coding the NADH-ubuquinone oxidoreductase 13kDa-B subunit from the mitochondrial respiratory chain complex I.
Additionally or otherwise, it appears that the contribution of glucose to intestinal energy production depends on age. Darcy-Vrillon et al. (12) showed that the capacity of cultured porcine enterocytes to use glucose was high during the first week of life and decreased the We showed that a low threonine supply induced structural and functional alterations.
These modifications could result from an alteration in protein synthesis rate. In accordance with this hypothesis, Wang et al. (45) demonstrated that protein synthesis rate was reduced in the small intestine of piglets receiving less than 50% of daily threonine recommendations.
Our results did not confirm this observation since intestinal protein synthesis rate was not altered by a 30% reduced threonine supply (21). Using transcriptomic analysis, we identified genes coding regulatory factors of protein synthesis that were differentially expressed in the ileum of LT piglets. The downregulation of genes coding the eukaryotic translation initiation factor 2-alpha kinase 4 (GCN2) and the eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1) is of particular interest. These genes are implicated in the down regulation of mRNA translation. Firstly, GCN2 prevents the formation of the 43S pre-initiation complex (Met-tRNA, GTP and eIF2) by phosphorylating the translation initiation factor eIF2α.
Secondly, 4E-BP1 inhibits the assembly of the eIF4E-mRNA complex to the 40S ribosomal subunit by binding to the eukaryotic initiation factor 4E (eIF4E). These two factors are assumed to be implicated in the downregulation of protein synthesis by AA starvation. For example, in vitro leucine deprivation induced activation of these factors and consequently inhibition of the initiation phase of mRNA translation (25). In our study, the down regulation of these genes was expected to be associated with an increase or an attempt to increase protein synthesis rate. Regarding the lack of effect on fractional synthesis rate (21), we hypothesized that the downexpression of GCN2 and 4E-BP1 in the ileum of pigs fed the LT diet could be a mechanism for preserving protein synthesis in condition of moderate threonine deficiency.
In conclusion, this study demonstrates for the first time that a 30% reduced threonine supply for two weeks induced increased paracellular permeability and glucose absorption The primers were designed using Primer Express Software (Applied Biosystems) based on sus scrofa published nucleotide sequences (Iccare;
http://bioinfo.genopole-toulouse.prd.fr/Iccare/). Values are LSmeans for n = 7 piglets. sem are standard error of the mean. Supplemental Table 1 Genes overexpressed in the ileum of piglets fed a low threonine diet (LT: 6.5 g threonine / kg diet) for two weeks (n = 7).
Supplemental Table 2 Genes downexpressed in the ileum of piglets fed a low threonine diet (LT: 6.5 g threonine/kg diet) for two weeks (n = 7). 
